Chicken is an important model organism that unites the evolutionary gap between mammals and other vertebrates and provide major source of protein from meat and eggs for all over the world population. However, specific genes underlying the regulatory mechanism of broiler pigmentation have not yet been determined. In order to better understand the genes involved in the mechanism of pigmentation in the muscle tissues of broilers, the Affymetrix microarray hybridization experiment platform was used to identify gene expression profiles at 7 weeks of age. Broilers fed canthaxanthin, natural lutein, and orangeII pigments (100 mg/kg) were used to explore gene expression profiles). Our data showed that the 7th week of age was a very important phase with regard to gene expression profiles. We identified a number of differentially expressed genes; in canthaxanthin, natural lutein, and orangeII, there were 54 (32 upregulated and 22 downregulated), 23 (15 upregulated and 8 downregulated), and 7 (5 upregulated and 2 downregulated) known genes, respectively. Our data indicate that the numbers of differentially expressed genes were more upregulated than downregulated, and several genes showed conserved signaling to previously known functions. Thus, functional characterization of differentially expressed genes revealed several categories that are involved in important biological processes, including pigmentation, growth, molecular mechanisms, fat metabolism, cell proliferation, immune response, lipid metabolism, and protein synthesis and degradation. The results of the present study demonstrate that the genes associated with canthaxanthin, natural lutein, and orangeII are key regulatory genes that control the regulatory mechanisms of pigmentation.
INTRODUCTION
In recent years, China has become one of the world's fastest growing economies, with growth rates in the range of 5-15% annually. Poultry farms in China have made a significant contribution towards the enhancement of food production strategies. Thus, in China, the subject of pigmentation and factors affecting pigmentation are broad (Tarique et al., 2013) . The chicken is an important non-mammalian model organism that unites the evolutionary gap between mammals and other vertebrates; it also provides a major source of protein from meat and eggs worldwide. Pigmentation is one of the most important characteristics that determines acceptance by consumers and the quality of chickens before purchase or consumption in many countries (Castañeda et al., 2005; Tarique et al., 2013) . The color of the skin, flesh, and egg yolk of chickens play key roles in different parts of the world based on consumer demands (Fletcher, 1999) . The majority of consumers prefer to buy golden and red chickens because they believe that golden and red pigmentation is often associated with healthy and fresh chicken (Sunde, 1992) . Carcasses that do not have the desired coloration are rejected by consumers. In addition, pigments are used as feed additives to enhance the color of broiler and aquaculture animal products.
The study of animal pigmentation has been flourishing greatly with the characterization of different pigment molecules, the identification of their function and cellular locations, and the definition of their biosynthetic pathways (Tyczkowski and Hamilton, 1986) , which has engaged many chemists, biochemists, physiologists, cell biologists, and geneticists. In recent years, sequencing of the chicken genome (Wallis et al., 2004; Wong et al., 2004) and advances in microarray technology now make it possible for researchers to evaluate the expression of thousands of genes at the same time (Li et al., 2008) . Gene expression microarray has become a leading analytical technology in chicken genomic research and is expected to play a crucial role in the emerging poultry field. Furthermore, these studies have provided information on global gene expression in chickens. Microarray analysis has proven useful as a flourishing approach for the classification of functional genes in several model organisms (e.g., humans, rodents, and fruit flies) (Cogburn et al., 2003) and is considered as a powerful tool for visualizing the molecular mechanism that governs complex biological responses; it is also used in gene expression analysis (van Hal et al., 2000) . The technology is primarily used to assess the expression of different genes, search for new genes, the molecular diagnosis of disease, gene mutation and polymorphism analyses, and drug development in order to analyze and ascertain the specificity of these comprehensive gene expressions on large scale (Nakachi et al., 2008) . The yellow skin allele in the chicken allows deposition of pigments in the skin and explains why most chickens have yellow legs and coloration. There is a growing need for poultry nutritionists to conduct regulatory research amidst a large number of new challenges to respond to consumer demand, regulatory laboratories, agencies, and food industries. However, to our knowledge, prior microarray studies have not investigated the relationship between gene expression and pigmentation. Thus, the objective of the present study was to identify genes involved in the regulatory mechanism of pigmentation in broiler chickens. The Affymetrix microarray hybridization experiment platform was utilized to identify gene expression profiles at 7 weeks of age and classify the different genes by Gene Ontology (GO) to understand the regulatory mechanism of pigmentation. In addition, candidate genes (or cluster of genes) were recognized as key regulatory genes.
MATERIAL AND METHODS

Broilers and housing
The present study was conducted at the Animal Sciences Institute in accordance with recommendations and the approval of the Animal Care Committee of the Institute of Quality Standard and Testing Technology for Agro Products, Chinese Academy of Agricultural Sciences (IQSTAP-CAAS). Arbor Acres one-day-old broiler chicks (N = 300 males and 300 females) were acquired from Beijing Poultry Breeding Co., Ltd. (Beijing, China). The chicks were housed in a room with forced ventilation, automated heating, and a programmable fluorescent lighting system. All birds had access to water and the experimental diets ad libitum. Maximum and minimum temperatures were recorded daily. The health statuses of birds were monitored twice daily to remove deceased birds and identify possible health concerns. Ventpecking and other abnormal behaviors were not observed in any of the groups. The experiment was conducted over a 7-week period.
Experimental diets and treatments
All diets were formulated based on the recommendations of the National Research Council (1994) . From 0-21 days of age, birds received a starter feed containing 2990 kcal/kg of metabolizable energy (ME) and 21.63% crude protein (CP); from 21-49 days they were fed a finisher diet of 3120 kcal/kg ME and 18.58% CP. The compositions of the basal experimental diets are shown in Table 1 . The experimental design was prepared to study the identification of genes involved in the regulatory mechanism of pigmentation. Thus, 3 dietary treatments were administered as follows: T-1, basal diet plus natural lutein (100 mg/kg); T-2, basal diet plus canthaxanthin (100 mg/kg); and T-3, basal diet plus orangeII (100 mg/kg). A control group of birds received a diet that did not contain pigment additives. 
Tissue sampling collection and preparation
Upon termination of the experiment (i.e., week 7), the birds were slaughtered and the breast muscles were isolated to avoid contamination and minimize nuclease activity. Tissue samples were immediately frozen in liquid nitrogen, which took no longer than 5 min. The samples were then stored at -80°C until analysis. The tissue samples were collected based on the following: group A, birds fed 100 mg/kg canthaxanthin; B, birds fed 100 mg/kg natural lutein; C, birds fed 100 mg/kg orangeII; and D, control animals for each muscle tissue.
RNA isolation
Total RNA was isolated from treated and untreated breast muscle samples in triplicate using the TRIzol reagent (Invitrogen Life Technologies, Cat# 155960-018) following manufacturer protocols. The extracted RNA quality and concentration was then assessed by the A 260 :A 280 ratio and quantified on a NanoDrop spectrophotometer (ND-2000) .
Complementary DNA (cDNA) synthesis cDNA synthesis was prepared and purified by oligo(dT) primed reverse transcription using a Poly-A RNA Control kit (Affymetrix, P/N900433 Capital Bio China). The GeneChip ® Affymetrix Chicken Genome Array was used in the current study; every 3 points represented 3 repeats of a single gene.
Synthesis of cRNA labeled with biotin and fragmentation
Biotinylated dNTPs were incorporated into the generated cRNA during transcription using the MessageAmpTM II-Biotin RNA Amplification Kit (Ambion, #17910). The RNA products were fragmented into strands of ≤200 bp using a 5X fragmented buffer.
Hybridization, washing, and staining
Before hybridization, microarrays were prehybridized in 300 μL 1X hybridization buffer at 45°C for 10 min; the microarrays were then incubated for 16 h at 45°C with constant rotation (60 rpm) in hybridization oven 640 (Affymetrix) using the Hybridization Control Kit (Affymetrix, P/N 900457). After hybridization, the microarrays were washed on a fluidics station (Fluidics Station 450, Affymetrix). Microarrays were stained with stain cocktail 1 and then subjected to 10 x 4 wash cycles to complete the staining process.
Microarray scanning and data analysis
The microarrays were scanned using the GeneChip ® Scanner 3000 (Affymetrix). Raw data sets were normalized to total fluorescence, which represented the total amount of cRNA hybridized to a microarray, using the Affymetrix ® GeneChip ® Operating Software v1.4. Datasets were excluded if the absolute call (Abs call) was absent or marginal according to the detection P value in all microarrays. Only the expression transcripts (the Abs Call was present) were used for further analysis. Differentially expressed genes were identified from standardized data using the significance analysis of microarrays (SAM) algorithm. According to the SAM algorithm, genes were identified as differentially expressed on the basis of expression differences between the samples and the consistency of those differences. A gene was deemed significant if a fold change value (FC) surpassed a certain threshold. If FC ≥ 2.0, genes were upregulated; if FC ≤ 0.5, genes were downregulated. Clustering was achieved using average linkage clustering. The clustering image was displayed in tree view. Gene functions and specific biological pathways were analyzed via molecular comments platform (MAS 3.0).
RESULTS
Cluster dendrogram of differentially expressed genes
The cluster analysis of all microarrays was performed ( Figure 1 ) using the Cluster 3.0 software. The results revealed the expression of the individual treatment profiles, which were illustrated in columns (one column for each sample). Moreover, accuracy of the expression data was supported by comparing the information obtained in the microarray dataset, which helped to explore the novel genes involved in the regulation of pigmentation. The color represents the expression of the gene. Red and green represent high and low levels of expression, respectively.
Screening of differentially expressed key genes of canthaxanthin, natural lutein, and orange II pigments
To identify potential candidate genes underlying the molecular mechanisms involved in the above phenomena in response to different treatments, we used the Affymetrix Chicken Genome Array to investigate the gene expression profile of broiler pigmentation at 7 weeks of age. For categorization, the two-class SAM analysis was performed on the log transformed data matrix. This led to the identification of a total of 1120 differentially expressed genes related to canthaxanthin; 54 (32 upregulated and 22 downregulated) were known genes, including PENK, TTN, MYL10, KRT75, PDK4, ACTN2, MYOT, KRT9, HBA2, TPM1 , and ABLIM2 (Table 2; Figure 2 ). With regard to natural lutein, of the total 1101 differentially expressed genes, 23 (15 upregulated and 8 downregulated) were known genes, including SERPINB2, CSTA, PTN, FGFBP1, RAMP2, COLA42, HBA1, and TPM3 (Table 3 ; Figure 2 ). With regard to orangeII, a total of 313 differentially expressed genes were identified; 7 (5 upregulated Figure 2) . Thus, the PENK and HBA1 genes were common among all 3 treatments.
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Pathway analysis of differentially expressed genes
In order to understand the biological significance of the differential expression of the common up-and downregulated genes, differentially expressed genes were subjected to biological pathway analysis. Gene functions and biological pathways were analyzed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database by MAS.3.0. The results showed that there were significant differences between the differentially expressed genes of the canthaxanthin calcium signal pathway, drug metabolism, caffeine metabolism, purine metabolism, retinol metabolism, and MAPK signaling pathway (Figure 3 ). Differentially expressed genes of natural lutein were mainly involved in riboflavin metabolism, methionine metabolism, vitamin B6 metabolism, apoptosis, fatty acid metabolism, and thiamine metabolism (Figure 4) . The differentially expressed genes of orangeII were related to glycolysis/ gluconeogenesis, keratan sulfate biosynthesis, and steroid biosynthesis ( Figure 5 ). 
GO term analysis of differentially expressed genes
The biological processes of differentially expressed genes were analyzed by MAS 3.0. The results of the GO terms showed that the differentially expressed genes of canthaxanthin broilers were mainly involved in regulation of transcription and DNA-dependent metabolism, development, transport, immune response, cell adhesion, calcium ion transport, lipid metabolism, skeleton development, skeleton muscle fiber development, catabolism, and pigmentation ( Figure 6 ). The differentially expressed genes of natural lutein broilers were mainly involved in protein and amino acid phosphorylation, signal transduction, development, proteolysis, and carbohydrate metabolism (Figure 7) . The differentially expressed genes of orange II broilers were involved in the regulation of calcium ion transport and smooth muscle contractions, pigmentation during development, hormone metabolism, immune system development, and cellular metabolism (Figure 8 ). 
DISCUSSION
Pigmentation promotes several advantages in broiler production, although the functions of pigments are also involved in growth metabolism and fertility (Scheldt, 1998) . Various carotenoids act as precursors for the synthesis of vitamin A (Surai and Speake, 1998) , while others provide protection to the body and act as physiological antioxidants (Burton, 1989) , thus enhancing the immune system (Bendich, 1989; Blanch, 1999) . However, current studies are underway to investigate gene expression profiles focusing on the different types of pigments associated with up-and downregulated genes. Three pigments were analyzed in the current experiment. A cluster analysis of breast muscle samples for birds fed 100 mg/kg canthaxanthin, natural lutein, or orangeII pigments at 7 weeks of age revealed differential gene expression among all the treated vs control broilers (Figure 1) . A cluster analysis was applied to the normalized dataset to identify clusters among the treated vs control samples. As expected, the dendrogram clearly separated the 3 nutritional conditions. Tamayo et al. (1999) showed that a particular group (cluster 11) of 46 genes exhibited higher levels of expression in embryos, and another group (cluster 3) of 21 genes exhibited higher levels of expression in hatchings. On the other hand, Törönen et al. (1999) showed that cluster 3 contained several genes that exhibited higher expression levels after incubation (i.e., at 1-10 days of age). Thus, the cluster analysis in the present study on chickens indicated different patterns of gene expression in the number of up-and downregulated genes for broilers fed 100mg/kg canthaxanthin, natural lutein, or orangeII at 7 weeks of age.
Pigment deposition in chickens takes place mostly in the visceral adipose tissue, skin, and breast muscles. Even though many global surveys have been performed for the visceral tissues (Wang et al., 2007) , this study is the first to examine gene expression profiles in breast tissue using 3 individual pigments in broiler diets. The data obtained here indicate that the differentially expressed genes are associated with broiler muscles (Tables 2 and 3) , although some important genes involved in the regulatory mechanism of pigments were common among the treatment groups, and many other genes, most in fact, were not differentially expressed between the groups. The magnitude of the difference between the treatment groups was large; hence, significant differences in expression levels were clear. However, this is not uncommon. The other two studies that assessed the effects of supplementary carotenoids in feed additives and probiotics identified similarly large differences in the levels of gene expression. After administration of the different colored suspensions (Shima et al., 2008) for a comparison of differences in gene expression in the gastrointestinal tract of mice, 2-to 3-fold differences were observed between significantly different genes (Brisbin et al., 2008) ; with the use of primary mononuclear cells from chickens incubated with cellular components of Lactobacillus acidophilus, a maximum 1.2-fold difference in significantly different genes was observed. Haghighi et al. (2008) evaluated the gene expression of selected genes in chicks treated with color dye on the day of hatching and challenged with Salmonella enterica serovar Typhimurium (ST) at 24 h post treatment. Gene expression, which was evaluated in the cecal tonsils, a lymphoid tissue at the ileocecal junction, exhibited an increase in interleukin 12 in response to ST that was maintained at control levels at 1 and 5 days after challenge. Haghighi et al. (2008) also observed that ST increased interferon gamma (IFNγ) on day 5; however, color-dye-treated chicks showed reduced levels of IFNγ. Jolly et al. (2005) concluded via comparison of pooled vs individual sample microarray analyses that the two approaches for running microarray chips were comparable; however, the individual analysis revealed subtle changes that affected interpretation of the experiment that were not identified using the pooled analysis, which were important for elucidating the target mechanisms. However, Kendziorski et al. (2005) indicated that pooling samples for microarray analysis minimizes the variation from subject-to-subject that "is often desirable when primary interest is not on the individual but rather on characteristics of the population from which certain individuals are obtained (e.g., identifying biomarkers or expression patterns common across individuals)". Likewise, in the context of the present study, we were more interested in the investigation of the expression profile of genes between individuals with high and low feed efficiencies according to Kendziorski et al. (2005) at the potential expense of losing some mechanistic understanding, as shown by Jolly et al. (2005) . In this regard, Kong et al. (2011) reported that, based on the differentially expressed genes, the high feed efficiency appeared to be the product of the upregulation of genes associated primarily with anabolic processes, whereas the low feed efficiency broiler breast muscle phenotype exhibited upregulation of genes associated with muscle fiber development, muscle function, cytoskeletal organization, and stress response. As discussed, based on our array data, we found that the expression ratio between the treatments was different with regard to the pectoralis major muscles of broilers in the present study. The up-and downregulated genes in birds fed 100 mg/kg canthaxanthin exhibited 2.1-to 323.9204-fold and 0.112-to 0.480-fold differences in gene expression, respectively; the up-and downregulated genes in birds fed natural lutein exhibited 2.132-to 8.362-fold and 0.37-to 0.48-fold differences in gene expression, respectively. While the upand downregulated genes in birds fed orangeII exhibited 2.00-to 6.87-fold and 0.135-to 0.359-fold differences in gene expression, respectively. Significant differences in the up-and downregulation of differentially expressed genes in canthaxanthin-fed animals were observed throughout the experiment when compared to those in the other treatments. One possible reason for this finding is that the canthaxanthin pigment may experience an increased absorption rate. Nevertheless, to date, studies have not illustrated the regulatory mechanism underlying pigmentation.
The regulatory mechanism underlying broiler pigmentation requires accurate coordination of many genes. As shown, the various pathways could be involved in this regulatory mechanism. In order to explore possible key regulators, we mapped DE gene pathways, as shown with regard to: 1) canthaxanthin (Figure 3) , including the calcium signal pathway, drug metabolism, caffeine metabolism, purine metabolism, retinol metabolism, and MAPK signaling pathway; 2) natural lutein (Figure 4) , including riboflavin metabolism, methionine metabolism, vitamin B6 metabolism, apoptosis, fatty acid metabolism, and thiamine metabolism; and 3) orangeII (Figure 5 ), including glycolysis/gluconeogenesis, keratan sulfate biosynthesis, and steroid biosynthesis. Interestingly, a number of cofactor and vitamin metabolism pathways were enriched with DE genes, including vitamin B6, thiamine metabolism, and riboflavin metabolism pathways, which suggest that vitamin-correlated nutritional metabolism, might be involved in broiler pigmentation.
The GO term analysis results showed that only a few biological processes such as pigmentation, skeletal development, transport, and iron transport and development were enriched via the canthaxanthin, natural lutein, and orangeII treatments (Figure 6-8) , suggesting that they might contribute to the mechanism of pigmentation. Several other genes that exhibited expression profiles that correlated well with the mechanism of pigmentation in broilers are also shown in Tables 2 and 3 . A large number of differentially expressed genes were identified in the broilers fed the canthaxanthin pigment when compared to that in the other treatments. Of note, the GO and KEGG analyses provided the first demonstration that a series of pathway GO terms related to pigmentation are important for elucidating the genes involved in the regulatory mechanism of pigmentation in broilers. Unfortunately, it was not possible to provide additional evidence with regard to this mechanism based on the molecular study of pigments because none of the identified gene expression profiles were related to pigmentation in broilers.
CONCLUSION
The results of this study identified potential candidate genes involved in the regulatory mechanism of pigments in broiler chickens, focusing on the top up-and downregulated genes associated with pigmentation and pathways; broilers were fed 100 mg/kg canthaxanthin, natural lutein, and orangeII diets. In conclusion, our microarray data established the ground work and provide a dynamic view for understanding the molecular mechanism underlying pigmentation in broilers. In the future, studies on gene expression will further contribute to our understanding of the molecular mechanism of pigmentation and the potential applications for broiler production.
